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ABSTRACT Intercellular communication bymeans of small signalmolecules coordinates gene expression among bacteria. This
population density-dependent regulation is known as quorum sensing. The symbiotic nitrogen-ﬁxing bacterium Sinorhizobium
meliloti Rm1021 possesses the Sin quorum sensing system based on N-acyl homoserine lactones (AHL) as signal molecules.
Here, we demonstrate that the LuxR-type regulator ExpR binds speciﬁcally to a target sequence in the sinRI locus in the presence
of different AHLs with acyl side chains from 8 to 20 carbons. Dynamic force spectroscopy based on the atomic force microscope
provided detailed information about the molecular mechanism of binding upon activation by six different AHLs. These single
molecule experiments revealed that themean lifetime of the bound protein-DNA complex varies depending on the speciﬁc effector
molecule. The small differences between individual AHLs also had a pronounced inﬂuence on the structure of protein-DNA
interaction: The reaction length of dissociation varied from 2.6 to 5.8 A˚. In addition, dynamic force spectroscopy experiments
indicate that N-heptanoyl-DL-homoserine lactone binds to ExpR but is not able to stimulate protein-DNA interaction.
INTRODUCTION
Quorum sensing (QS) is a form of population density-de-
pendent gene regulation controlled by low molecular weight
compounds called autoinducers, which are produced by
bacteria. QS is known to regulate many different physiolog-
ical processes, including the production of secondary metab-
olites, conjugal plasmid transfer, swimming, swarming,
bioﬁlmmaturation, and virulence in human, plant, and animal
pathogens (reviewed in Gonzalez andMarketon (1) and Swift
et al. (2)). Many QS systems involve N-acyl homoserine
lactones (AHLs) as signal molecules (reviewed in Fuqua et al.
(3)). These AHLs vary in length, degree of substitution, and
saturation of the acyl chain (Fig. 1). Bacterial cell walls are
permeable to AHLs, either by unassisted diffusion across the
cell membrane (for shorter acyl chain length) or active
transport (possibly for longer acyl chain length) (4). With the
increase in the number of cells, AHLs accumulate both
intracellularly and extracellularly. Once a threshold concen-
tration is reached, they act as coinducers, usually by activating
LuxR-type transcriptional regulators.
Sinorhizobium meliloti is an a-proteobacterium that ﬁxes
atmospheric dinitrogen to ammonia in a symbiotic associ-
ation with certain genera of leguminous plants, including
Medicago, Melilotus, and Trigonella. In S. meliloti Rm1021,
a QS system consisting of the AHL synthase SinI and the
LuxR-type AHL receptors SinR and ExpR was identiﬁed (5).
SinI is responsible for production of several long-chain
AHLs (C12-HL – C18-HL) (6). The presence of a second QS
system, the Mel system, controlling the synthesis of short-
chain AHLs (C6-HL – C8-HL) was suggested (6). In addition
to SinR, ﬁve other putative AHL receptors, including ExpR,
were identiﬁed (7). As originally described for the model QS
LuxI/LuxR system of Vibrio ﬁscheri (8) and demonstrated
for the TraR-AHL complex of Agrobacterium tumefaciens
whose crystal structure was resolved (9), it is assumed that
the LuxR-type regulators of S. meliloti are activated by
binding of speciﬁc AHLs. Once activated, the expression of
target genes is regulated by binding upstream of the promoter
regions of these genes (10). The ﬁrst target genes identiﬁed
for the S. meliloti Sin system were the exp genes mediating
biosynthesis of the exopolysaccharide galactoglucan. The
expression of the exp genes not only relies on a sufﬁcient
concentration of Sin system-speciﬁc AHLs but also requires
the presence of the LuxR-type AHL receptor ExpR (7,11).
Data of transcriptomics and proteomics approaches sug-
gested that the majority of target genes of the Sin system is
controlled by ExpR (12,13). The S. meliloti Rm1021 wild-
type strain carries an inactive expR gene due to disruption of
its coding region by insertion element ISRm2011-1 (7). How-
ever, the spontaneous dominant mutation expR101 resulting
from precise reading frame-restoring excision of the inser-
tion element from the coding region unraveled the role of
expR in regulation of galactoglucan biosynthesis (7). ExpR is
highly homologous to the V. ﬁscheri LuxR. Activated LuxR-
type regulators usually bind to a consensus sequence known
as the lux box, typically located upstream of the promoters of
its target genes (10). However, the DNA binding site of
ExpR has not yet been identiﬁed.
During the last decade, dynamic force spectroscopy (DFS)
has developed into a highly sensitive tool for investigation
of the interaction of single biomolecules (14), from comple-
mentary DNA strands (15) to ligand-receptor pairs (16–20)
and cell adhesion molecules (21). Only most recently has
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protein-DNA interaction come under survey by DFS (22–
26). In particular, DFS data have proven to complement the
information gained from conventional molecular biology
experiments in a detailed study of DNA binding of the
regulator ExpG-activating transcription of the exp genes
(25).
Most DFS experiments use either optical tweezers or an
atomic force microscope (AFM) to measure dissociation
forces of single bound complexes in the piconewton range.
The molecular binding partners are attached to the micro- or
nanoscale force sensor and a sample holder, respectively, by
covalent chemistry. When both parts are brought into close
contact, a speciﬁc bond between the individual molecules can
form. By increasing the distance again, the bond is loaded
until it ﬁnally severs. This event yields a discrete dissociation
force. By systematic variation of the externally applied load,
information on the energy landscape of the interaction can be
derived (27,28): the equilibrium rate of dissociation, themean
lifetime of the bond, and the length of the dissociation path.
In this study, we identiﬁed the DNA binding site of ExpR
in the region upstream of sinI and a spectrum of AHLs
stimulating the DNA-binding activity of ExpR. Individual
bound complexes were analyzed by DFS and kinetic
parameters, which delicately depend on minute differences
between effector molecules, were derived.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions
Bacterial strains used in this study have the following phenotypes:
Escherichia coli M15[pREP4] (Qiagen, Hilden, Germany) Nals, Strs, Rifs,
Thi, Lac, Ara1, Gal1, Mtl, F, RecA1, Uvr1, Lon1; S. meliloti
Rm1021 (29) Smr, Nalr, expR; S. meliloti Rm1021 expR101 (Rm8530) (30)
Smr, Nalr, expR1. S. meliloti strains were incubated at 30C in Luria-Bertani
(LB) medium supplemented with 2.5 mM MgSO4 and 2.5 mM CaCl2 (LB/
MC) or tryptone-yeast (TY) medium (31). E. coli strains were incubated at
37C in LB medium. Antibiotics were added at the following concentrations
(mg/ml1): for S. meliloti: gentamycin (Gm) 40, nalidixic acid (Nal) 10,
streptomycin (Sm) 600; for E. coli: ampicillin (Ap) 100, gentamycin
(Gm) 10.
Plasmid construction
Primers (AAAAGAATTCGAATATTACGTTGCTCGTACAGT and AAT-
TAAGCTTGCTCTAACTTCTACAGGACT) (restriction sites are under-
lined) deduced from the S. meliloti Rm1021 sequence were used for
polymerase chain reaction (PCR) ampliﬁcation of the expR coding region.
As template, genomic DNA was extracted from Rm8530, which carries the
functional expR101 allele (7). A plasmid encoding an ExpR derivative with a
six-histidine N-terminal tag was constructed as follows. The PCR product
was digested with BamHI and HindIII and ligated into vector pWH844
(pQE-9 derivative, lacIq, 5.0 kb, Apr, T5, (His)6-tag) (32). Expression of this
construct resulted in an ExpR protein with six N-terminally fused histidine
residues [(His)6-ExpR]. Both expR and (his)6-expR preceded by the Shine-
Dalgarno sequence derived from the multiple cloning site of vector pWH844
were also cloned into the broad host range vector (33), using primers
TTAAGGATCCAATATTACGTTGCTCGTACA and AATTAAGCTT-
GCTCTAACTTCTACAGGACT and the restriction enzymes BamHI and
HindIII. The resulting plasmids were transferred to S. meliloti Rm1021 by E.
coli S17-1-mediated conjugation (34).
Expression and puriﬁcation of protein
(His)6-ExpR was overexpressed in E. coli M15 and puriﬁed under
nondenaturing conditions according to the QIAexpressionist handbook.
Upon induction with 0.02 mM ITPG, the LB cell culture (800 mL) was
grown at 25C overnight. Cell pellet was harvested and resuspended in a 1/
20 volume of lysis buffer containing 0.5% Triton-X 100, 50 mM Tris, pH
8.0, 0.5 M NaCl, 20 mM imidazole, 0.5 mM PMSF, and 0.5 mg DNase
(SERVA, Heidelberg, Germany). Cell breakage was performed using a
French Pressure Cell at 1380 psi. Cell debris was removed by centrifugation
at 44,000 3 g, and the supernatant was loaded onto a 10 mL volume Ni-
NTA afﬁnity column (Qiagen). The column was washed with buffer (60 mL)
containing 0.5% Triton-X 100, 50 mM Tris, pH 8.0, 0.5 M NaCl, and 20
mM imidazole, followed by a second buffer (50 mL) containing 50 mMTris,
pH 8.0, 0.5 M NaCl, and 20 mM imidazole. Elution of the protein was by
loading a buffer with an imidazole gradient (0.02–1.0 M, 50 mL) containing
50 mM Tris, pH 8.0, and 0.5 M NaCl. Fractions (2 mL) were collected and
analyzed with sodium dodecylsulfate-polyacrylamide gel electrophoresis,
and the protein concentration estimated using the Bio-Rad Protein Assay
(Bio-Rad Laboratories, Mu¨nchen, Germany). Protein was stored in the
elution buffer at 4C and was stable for at least several months.
DNA labeling
The DNA probe used in the electrophoretic mobility shift assays (EMSAs),
the DNA footprinting assay, and the AFM experiments was derived from a
216-bp region (UpsinI) that included 31 bp of the 39 end of sinR, the 156-bp
intergenic region between sinR and sinI, and 29 bp of the 59 end of sinI.
UpsinI was PCR ampliﬁed using the ﬂanking primers ATATAAGCTT-
TGTTCGACATGCTCTGATCC and ATATGAATTCCGACCGTTTCC-
GTTCACTAT and cloned into HindIII and EcoRI digested pUC18
(restriction sites in primer sequences are underlined). When the universal
primers AGCGGATAACAATTTCACACAGGA and GTTTTCCCAGT-
CACGAC were used in a PCR with the UpsinI cloned into pUC18 as the
template, a 313-bp fragment was ampliﬁed. The DNA fragment was labeled
using PCR ampliﬁcation in which the 59 primer contained either 59Cy3 (for
EMSAs), 59ﬂuorescein (for DNA footprinting assays), or 59SH for AFM
measurements.
UpsinICy3 fragment carrying point mutations at positions 106 (T
replaced by G), 104 (T replaced by G), and 99 (G replaced by C)
upstream of the sinI start codon was generated by PCR using two additional
FIGURE 1 AHLs. Of the synthesized AHLs, those with modiﬁcations in
the acyl side chain are shown: (a) N-[(9Z)-hexadec-9-enoyl]-L-homoserine
lactone (C16:1-HL) and (b) N-(3-Oxotetradecanoyl)-L-homoserine lactone
(oxo-C14-HL).
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internal primers, pmut6upsinIfwd (GATTCCCCCACAAAGCGATTGC-
GAAAAAATGAGGAAATAA) and pmut6upsinIrev (CTCATTTTTTCG-
CAATCGCTTTGTGGGGGAATCTG). These primers bind to the ExpR
protected region and contain the three bp alterations and complementary
regions.
The internal primers were used in two separate PCR steps in combination
with the ﬂanking primers. The products of these PCRs were puriﬁed and
combined and, upon annealing at the complementary regions, formed the
template for the ﬁnal PCR in which the ﬂanking Cy3-labeled primers were
used.
Synthesis of effector molecules
For the synthesis of AHLs with saturated side chains, fatty acids were
converted into the corresponding acid chloride. They were slowly added
to an ice cold solution of homoserine lactone hydrobromide and two
equivalents of pyridine inmethanol. After stirring for 3 h at room temperature,
the solvent was removed in the vacuum and the residues dissolved in
ethyl acetate. N-Octanoyl-L-homoserine lactone (C8-HL), N-dodecanoyl-
L-homoserine lactone (C12-HL), N-pentadecanoyl-L-homoserine lactone
(C15-HL),N-octadecanoyl-L-homoserine lactone (C18-HL), andN-eicosanoyl-
L-homoserine lactone (C20-HL) were synthesized in this manner. N-[(9Z)-
hexadec-9-enoyl]-L-homoserine lactone (C16:1-HL, Fig. 1 a) was prepared
from homoserine lactone hydrobromide and palmitoleic acid in a water-
acetonitrile mixture by addition of base and 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC). After 18 h the product was
extracted from the reaction mixture using methylene chloride.
A previously reported synthesis protocol for b-keto esters was followed
to prepare N-(3-oxotetradecanoyl)-L-homoserine lactone (oxo-C14-HL, Fig.
1 b) (35). One equivalent each of N,N9-dicyclohexyl carbodiimide (DCC),
4-(dimethylamino)pyridine, and 2,2-dimethyl-1,3-dioxan-4,6-dione was added
to a solution of lauric acid in methylene chloride. After stirring for 18 h at room
temperature the solvent was evaporated. The residue was resuspended in ethyl
acetate and washed with 1 M hydrochloric acid and saturated sodium chloride
solution. The solvent was evaporated and the solid residue dissolved in
acetonitrile and homoserine lactone was added. The dispersion was heated to
reﬂux for 3 h. Evaporation of acetonitrile was followed by addition of ethyl
acetate and aqueous workup. N-(3-oxohexadecanoyl)-L-homoserine lactone
(oxo-C16-HL) was synthesized following an analogous protocol.
All synthesized AHL molecules were puriﬁed by reversed-phase
high performance liquid chromatography (HPLC) with acetonitrile/water/
TFA gradients or by column chromatography with organic eluents and
their structures were conﬁrmed by mass spectrometry (MS) and proton
NMR spectroscopy. The following substances were purchased from Sigma-
Aldrich (Mu¨nchen,Germany):N-hexanoyl-DL-homoserine lactone (C6-HL),
N-heptanoyl-DL-homoserine lactone (C7-HL), N-(3-oxooctanoyl)-DL-ho-
moserine lactone (oxo-C8), N-decanoyl-DL-homoserine lactone (C10-HL),
N-tetradecanoyl-DL-homoserine lactone (C14-HL), and palmitoleic acid.
Crude AHL extract from S. meliloti Rm1021 was obtained as described by
Marketon et al. (6).
Electrophoretic mobility shift assays
The EMSA protocol has been described (22,25). The Cy3-labeled DNA
wild-type fragment (UpsinICy3) or the mutated UpsinICy3 fragment were
mixed with puriﬁed (His)6ExpR in a reaction buffer containing;0.25 nmol
of sonicated herring testes DNA in a ﬁnal volume of 20 mL of DNA-binding
buffer (20 mM Tris-HCL, pH 8.0, 50 mMKCl). (His)6ExpR was included at
0.4 mM, and AHLs were added to a ﬁnal concentration of 10 mM. The
reactions were incubated at 24C for 20 min. Loading buffer (5 mL, 78%
glycerol) was added, and the reaction mixtures were loaded onto a 2%
agarose gel at 4C. After electrophoresis at 5 V/cm for 2 h, gel images were
acquired using a Typhoon 8600 Variable Mode Imager (Amersham
Bioscience, Freiburg, Germany).
DNA footprinting assays
The 59ﬂuorescein-labeled DNA fragment (UpsinI) was incubated with and
without (His)6ExpR under conditions similar to the EMSA assay, except that
benzonase (Sigma-Aldrich) was included, ranging 3–0.004 U, and the
digestion mixture included 0.25 mM MgCl2 and 0.125 mM CaCl2. Se-
quencing products and fragments resulting from benzonase digest were
separated on an ABI PRISM 377 DNA Sequencer (Applied Biosystems,
Foster City, CA).
Reverse transcription and real-time PCR
Two independent cultures of each strain were grown in TY medium and
harvested at optical density (600 nm) 1.0. RNA was extracted using the
RNeasy Mini Kit (Qiagen). Reverse transcription and real-time PCR (qRT-
PCR) were carried out using the QuantiTect SYBR Green PCR kit (Qiagen)
and a continuous ﬂuorescence detector (DNA Engine OPTICON, Bio-Rad
Laboratories) as described previously (36). Quantiﬁcation was performed
with the Opticon Monitor analysis software version 1.8. Cycle threshold
values of the gene SMc02461, found to be substantially expressed at similar
levels under a number of different conditions (36),were used as a reference for
normalization. The following primers were used: for expE1 ATGGTGACG-
ACTTGCTGTTC and GAGGTCGATGACGACATTGC; for expR CCGC-
ATGAGAATCCGCTGAG and CCGTCGAAGAGGCCATGATT; for sinI
CAAGATTCGTGGCTCCCTCA and ATGGTGACCTGGTTCGATGC;
and for smc02461 CTTGCGGTTGTCGTTGACG and TTCATCAACGA-
GATTGCCGA.
Sample surface and AFM tip modiﬁcation
For force spectroscopy measurements, sample surfaces and AFM tips were
functionalized as described previously (22). Brieﬂy, Si3N4 cantilevers (MSCT-
AUHW, Veeco Instruments, Santa Barbara, CA, or OMCL-TR400PSA-
HW, Olympus, Tokyo, Japan) were ﬁrst activated by dipping for 10 s in
concentrated nitric acid and silanized in a solution of 2% aminopropyl-
triethoxysilane (Sigma-Aldrich) in dry toluene for 2 h. After washing with
toluene, the cantilevers were incubated with 1 mM N-hydroxysuccinimide-
poly(ethylene glycol)-maleimide (Shearwater Polymers, Huntsville, AL) in
0.1 M potassium phosphate buffer, pH 8.0, for 30 min at room temperature.
After washing with phosphate buffer, the cantilevers were incubated with 10
ng/ml of the DNA target sequence (see above) bearing a sulfhydryl label in
binding buffer solution (100 mM K2HPO4/KH2PO4, pH 7.5) overnight at
4C. The cantilevers were washed with binding buffer and used for force
spectroscopy experiments. Modiﬁed tips were usable for at least 1 week if
stored at 4C.
Mica surfaces (Provac AG, Balzers, Liechtenstein) were silanized with
aminopropyltriethoxysilane in an exsiccator and incubated with 4 mM
(His)6ExpR protein and 20 mM bis(sulfosuccinimidyl)suberate-sodium salt
(Sigma-Aldrich) in 0.1M potassium phosphate buffer, pH 7.5, for 1 h at 4C.
The sample was washed with binding buffer afterward. Modiﬁed surfaces
were stable for at least 2 days if stored at 4C. A scheme of the experimental
setup is shown in Fig. 3 a.
Dynamic force spectroscopy
Force spectroscopy measurements were performed with a home-built force
spectroscopy setup based on a commercial AFM (Multimode, Veeco In-
struments) at 25C. Acquisition of the cantilever deﬂection force signal and
the verticalmovement of the piezo electric elementswas controlled by a 16-bit
AD/DA card (PCI-6052E, National Instruments, Austin, TX) and a high-
voltage ampliﬁer (600H, NanoTechTools, Echandens, Switzerland) via
home-built software based on Labview (National Instruments). The deﬂec-
tion signal was low-pass ﬁltered (,6 kHz) and box averaged by a factor of 10,
giving a typical experimental data set of 2500 points per force-distance curve.
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The spring constants of all AFM cantilevers were calibrated by the
thermal ﬂuctuation method (37) with an absolute uncertainty of ;15%.
Spring constants of the cantilevers used ranged from 8 pN/nm to 16 pN/nm
(Veeco) and from 18 to 26 pN/nm (Olympus).
For loading rate-dependent measurements, the retract velocity of the
piezo was varied while keeping the approach velocity constant. The
measured force-distance curves were analyzed with a MATLAB program
(The MathWorks, Natick, MA) and corrected to display the actual molecular
distances calculated from the z piezo extension. To obtain the loading rate,
the retract velocity was then multiplied by the elasticity of the molecular
system, which was determined from the slope of the corrected force-distance
curves on the last 20 data points before the dissociation events.
RESULTS AND DISCUSSION
(His)6ExpR activated by AHLs speciﬁcally binds to
the sinR-sinI intergenic region
The S. melilotiExpR protein shows homologies to LuxR-type
AHL receptors, which have aC-terminal DNAbinding and an
N-terminal AHL binding domain that inhibits the activity of
the C-terminal domain in the absence of the autoinducer (38).
Marketon et al. (5) reported evidence for a positive sinR-
dependent feedback regulation of sinI expression. A compar-
ison of sinImRNA levels in the expR strain Rm1021 and the
expR1 strain Rm1021 expR101 at a culture O.D.600 of 1.0
showed a 4.3-fold increase, indicating a positive regulation of
sinI expression by ExpR. Moreover, we identiﬁed a lux box-
like sequence (TATAGTACATGT) 70 bp upstream of sinI
which constitutes a putative binding site for the LuxR-type
regulators ExpR and SinR. Therefore, the sinR-sinI intergenic
region was selected as a candidate for an ExpR target
sequence.
For binding assays ExpR protein was expressed in E. coli
with an N-terminal His-tag ((His)6ExpR). Addition of AHLs
during expression in E. coli strain M15 was not required for
either stability or solubility. Binding of puriﬁed (His)6ExpR
protein to a 313-bp fragment was analyzed in ensemble ex-
periments by EMSA and at the single molecule level by force
spectroscopy. This DNA fragment included 97-bp ﬂanking
sequences derived from the pUC18 vector, 31 bp of the 39 end
of sinR, the 156-bp sinR-sinI intergenic region, and 29 bp of
the 59 end of sinI. VariousAHLswere tested for stimulation of
the ExpRDNA-binding activity. These includedAHLs found
to be produced by bacteria but also AHLs which so far have
not been found to be synthesized by bacteria, namely C15- and
C20-HLs. (His)6ExpR showed minimal levels of binding to
the DNA in the absence of AHL or in the presence of 10 mM
of the short chain C6-, C7-, C8-, oxo-C8-, or C10-HLs (Fig. 2). In
the presence of 10 mM C14-, oxo-C14-, C15-, C16:1-, oxo-C16-,
C18-, or C20-HLs maximum stimulation of binding was
observed, whereas C12-HL stimulated binding to a lesser
extent (Fig. 2). No binding was observed in control exper-
iments with DNA fragments derived from the Epstein-Barr
virus nuclear antigen (EBNA-1) gene (22) (data not shown).
Furthermore, activation of the DNA-binding activity of ExpR
was not achieved by addition of palmitoleic acid, showing that
the homoserine part of the AHLs is essential. These results
indicate that AHL-activated (His)6ExpR binds speciﬁcally to
the sinR-sinI intergenic region.
To investigate the ExpR-DNA interaction on a single
molecule basis, the binding partners were covalently bound to
the sample surface and to theAFM tip, respectively. TheDNA
fragmentwas attached to the tip via a polymer spacer, whereas
the (His)6ExpR protein was immobilized on the surface by a
short linker molecule coupled to one of the 11 ExpR lysines
(Fig. 3 a). When the tip was approached to and retracted from
the surface, the ﬂexibility of the polymer chain allowed the
DNA molecules to access the binding domains of immobi-
lized proteins. By plotting the force acting on the AFM tip
against the vertical position (given by the extension of the
piezo actuator), dissociation events can be identiﬁed by a
characteristic stretching of the polymer spacer before the
point of bond rupture (where the tip snaps back to zero force).
A typical force-distance curve is shown in Fig. 3 b. The
dissociation forces from multiple approach-retract cycles
under a single retract velocity were combined in a histogram.
The total dissociation probability (events/cycles) remained
below 0.5% for the bare protein-DNA system in buffer
solution, the histogram consisting of scattered events (Fig. 3
c). The background signal, i.e., a series of measurements with
a functionalized surface and anAFM tipwithout anyDNAbut
prepared as normal in all other respects, was checked and
revealed no dissociation events. The proﬁle changed drasti-
cally when AHL was added to give a ﬁnal concentration of
10 mM (oxo-C14-HL in the case of Fig. 3 d). The total
dissociation probability increased to 8%–10%, and the
dissociation forces form a distribution of almost Gaussian
shape. The mean value of the Gaussian then equals the most
probable dissociation force, with statistical errors given by
standard deviation ð2s= ﬃﬃﬃﬃNp for 95.4% conﬁdence level).
Data from this experiment indicate that ExpR binds to DNA
even in the absence of any effector due to unspeciﬁc attraction
(e.g., electrostatic forces) but the probability of binding is
highly increased in the presence of a proper effector.
Competition experiments were performed to address
whether the observed binding forces are speciﬁc. Fig. 4 a
shows a histogram of the dissociation forces similar to
Fig. 3 d but activated by 10 mM C16:1-HL. After adding
free DNA fragments (10 ng/mL) to the buffer solution, a
FIGURE 2 AHL-dependent DNA binding of puriﬁed (His)6ExpR. A
Cy3-labeled probe derived from the sinR-sinI intergenic region was used in
the gel shift assay. AHLs were included in the binding reaction at 10 mM.
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distinct reduction of the binding probability was observed
(Fig. 4 b). Washing with DNA-free buffer solution restores
the initial unbinding probability (data not shown). In
additional control experiments, the DNA-binding fragment
on the AFM tip is replaced by EBNA-DNA fragments
(EBNA) which lack the binding sequence. With this setup
and in the presence of 10 mM C16:1-HL, nearly no binding
could be observed at all (Fig. 4 c). These results clearly prove
that the binding of the peptide with the native sequence
actually takes place speciﬁcally at the binding sequence on
the DNA.
AFM force spectroscopy proved to be a sensitive tool to
determine the inﬂuence of different effector molecules. Of the
seven effectors tested, C8-HL, C10-HL, C12-HL, oxo-C14-HL,
C16:1-HL, and C18-HL stimulated protein-DNA binding (see
Fig. 7 for themost probable dissociation forces under different
velocities). Only C7-HL caused no noticeable increase in
activity when added to the buffer solution (see Fig. 8 a).
Complementation of an expR mutant conﬁrms the
activity of (His)6ExpR in vivo
To test the functionality of (His)6ExpR in vivo, the native
expR gene and the (his)6expR fusion genewere cloned into the
broad host range vector pJN105. Both plasmids were
introduced to Rm1021, a strain in which the endogenous
expR is not functional. After reverse transcription, real time
PCR was applied to measure the abundance of RNA tran-
scripts derived from expR and the galactoglucan biosynthesis
gene expE1. Stimulation of expE2 expression has been
previously found to be an indicator for ExpR activity (7,11).
This gene is located just downstream of expE1 which is the
ﬁrst gene of the expE operon (39).
As a control, expR and expE1 expression was compared
in the expR1 revertant Rm1021 expR101 and the Rm1021
expR wild-type strain carrying the empty pJN105 vector.
Compared to expE1 expression in strain Rm1021/pJN105,
both expR and (his)6expR complemented strains Rm1021/
pJQRexpR, and Rm1021/pJQR(his)6expR showed stimula-
tion of expE1 expression (Table 1). Complementation of
the Rm1021 expR wild-type strain by expression of the
(his)6expR gene demonstrated that the (His)6ExpR protein
functions in vivo.
Binding of (His)6ExpR protects a 30-bp region
including a lux box-like sequence against
nucleolytic digestion
Benzonase footprinting was applied to identify the speciﬁc
binding site of (His)6ExpR upstream of sinI. In the presence
of 10 mM oxo-C14-HL, (His)6ExpR protected a 26-bp region
adjacent to a downstream 13-bp lux box-like sequence (Fig.
5). EMSA experiments with subfragments of the sinI-sinR
intergenic region indicated that a 46-bp sequence immedi-
ately upstream of the putative lux box is sufﬁcient for
binding of (His)6ExpR (data not shown). This indicates that
FIGURE 3 Force spectroscopy measurements. (a) The
experimental setup consists of a Si3N4 AFM tip with DNA
fragments attached via poly(ethylene glycol) spacer mol-
ecules and a ﬂat mica surface on which the (His)6ExpR
proteins are immobilized. (b) Typical force-distance curve
for the retraction of the tip from the sample surface at
constant velocity. (c) Distribution of dissociation forces for
the DNA-(His)6ExpR complex without effector (at v ¼
2000 nm/s) and (d) after adding 10 mM of oxo-C14-HL.
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the (His)6ExpR binding site is located just upstream of the
putative lux box. The assay was repeated where (His)6ExpR
was replaced with native ExpR in crude E. coli extract,
resulting in protection of the same 26-bp DNA region (re-
sults not shown). Directed mutation of the ExpR binding site,
involving three bps (positions T106 replaced by G106,
T104 replaced by G104, and G99 replaced by C99 up-
stream of the sinI start codon) within the benzonase protected
region (Fig. 5), resulted in the complete absence of binding
by (His)6ExpR in the presence of oxo-C14-HL (Fig. 6). This
ﬁnding further supports the involvement of the protected
region in speciﬁc binding to ExpR.
Dynamic force spectroscopy reveals that
molecular interaction parameters of
AHL-activated ExpR vary with different AHLs
The inﬂuence of the six effectors which stimulated ExpR-
DNA binding was then studied in detail by DFS measure-
ments. For each effector, typically 80–150 dissociation
events of the protein-DNA complex (1000–2000 approach/
retract cycles) were recorded at 5–9 different retract veloc-
ities ranging from 100 nm/s to 6000 nm/s while the approach
velocity was kept constant at 2000 nm/s. These resulted in
loading rates r¼ molecule elasticity3 retract velocity in the
range between 220 pN/s and 44000 pN/s.
When the dissociation forces are plotted against the
corresponding loading rates on a logarithmic scale, a char-
acteristic linear dependence becomes apparent (Fig. 7). This is
in accordance with force spectroscopy theory (27,28), the
ﬁtting function being given as
F ¼ kBT
xb
ln
xbr
kBT koff
;
wherein F is the most probable dissociation force, kBT ¼
4.114 pN nm (at 298 K) is a Boltzmann factor, r is the
loading rate, and koff is the thermal off-rate under zero load.
The molecular parameter xb deﬁnes the distance between the
minimum of the potential well of the bound state and the
maximum of the energy barrier separating the bound state
from the free state along the reaction coordinate. This is often
interpreted as the depth of the binding pocket (see Merkel
et al. (28) for a thorough analysis). By extrapolating the
linear ﬁt to the state of zero external force, the thermal off-
rate koff of the ligand-receptor complex can be derived. The
molecular interaction parameters gained from the experi-
mental data in Fig. 7 are summarized in Table 2.
The different effectors showed a distinct inﬂuence on the
kinetics and structure of the ExpR-DNA binding. Most off-
rates were close to koff¼ 2 s1, which corresponds to a mean
FIGURE 4 Force spectroscopy control experiments. (a) Distribution of
the dissociation forces of DNA-(His)6ExpR complexes in the presence of 10
mM C16:1-HL. (b) After adding free DNA fragment (10 ng/mL) as com-
petitor. (c) Additional control experiment with EBNA-DNA immobilized
on the AFM tip and C16:1-HL-activated (His)6ExpR.
TABLE 1 Gene expression of expR and expE1 derived
from qRT-PCR
Gene
Rm1021 expR101
vs. Rm1021/pJN105
Rm1021/pJQRexpR
vs. Rm1021/pJN105
Rm1021/pJQR(his)6expR
vs. Rm1021/pJN105
expR 22200 55600 79333
expE1 55 37 38
Values indicate fold changes of RNA levels of expR and expE1 in strains
Rm1021 expR101, Rm1021/pJQRexpR, and Rm1021/pJQR(his)6expR. The
Rm1021 expR wild-type carrying the empty vector pJN105 (Rm1021/
pJN105) was used as reference. Transcript levels of gene SMc02461 were
used for normalization. The error of the calculated normalized gene expression
was ,20%. This experiment was repeated three times with independent
cultures.
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lifetime of ;0.5 s for the bound protein-DNA complex. The
notable exceptions are C8-HL, which caused an off-rate of
koff ¼ 0.5 s1 (t ¼ 2.3 6 0.8 s), and C12-HL with koff ¼ 5.4
s1 (t ¼ 0.19 6 0.04 s). The measured reaction length xb
indicates three different states as well: the long-chain AHLs
(oxo-C14-HL, C16:1-HL, and C18-HL) center around xb ;
4.0 A˚, whereas the short-chain AHLs (C8-HL and C10-HL)
tend to higher values at xb ; 5.5 A˚, and C12-HL has a
strikingly low reaction length of xb ; 3 A˚.
The lifetime of the ExpR-AHL complex exceeds
the lifetime of the protein-DNA complex
Why is C7-HL not able to stimulate protein-DNA interaction
(Fig. 8 a)? One likely explanation would be that it does not
bind to the ExpR protein. But this is not the case. Even after
C7-HL was removed from both the sample surface and the
AFM tip by multiple washing steps with AHL-free buffer
solution over the course of 1 h, addition of C12-HL yielded
very few dissociation events (Fig. 8 b). It seems that most
proteins retained a C7-HL effector which inhibited activation
by C12-HL. This suggests that, although C7-HL binds to the
ExpR protein, it is not able to change its conformation into
an active state. This is a further indication that the chemical
structure of a particular effector has a strong inﬂuence on the
sterics of the ExpR protein and thereby on the kinetics of
possible protein-DNA interactions.
The aforementioned experiment suggests a long lifetime of
the C7-HL effector-protein complex, resulting in an effective
inhibition of activation of ExpR byC12-HL.We performed an
additional experiment in which C12-HL was the ﬁrst AHL
added, which showed its usual degree of activity with a fresh
protein sample (Fig. 8 c). As in the previous experiment,
sample surface andAFM tip were washedmultiple times over
the course of 1 h before the addition of the second AHL, C7-
HL.Although the binding probabilitywasmarginally reduced
after the washing step (Fig. 8 d), the system still showed a
considerable degree of activity in the presence of C7-HL. In
contrast to the lifetime of the protein-DNA complex (which is
t ¼ 185 6 35 ms in the case of C12-HL, see Table 2), the
lifetime of the protein-effector bond seems to bemuch longer.
ExpR-DNAkinetics can therefore be regarded as independent
from AHL-ExpR kinetics, indicating that only the structural
change of the protein induced by a particular AHL effector
governed the properties of ExpR-DNA interaction in the DFS
experiments.
CONCLUSION
Unlike the A. tumefaciens TraR LuxR-type QS regulator
(40,41), (His)6ExpR did not require the addition of AHLs
during expression in E. coli for either stability or solubility.
AHLs were required for correct folding of TraR and
completely embedded in a narrow cavity of the protein (9).
Removal of AHLs bound to the V. ﬁscheri LuxR through
competition with halogenated furanones resulted in rapid
degradation of LuxR, indicating that the signal molecules are
FIGURE 6 AHL-dependent DNA binding of puriﬁed (His)6ExpR to the
Cy3-labeled UpsinI wild-type fragment and the UpsinI fragment carrying
point mutations. The mutated UpsinI fragment contains three altered bps at
positions 106 (T replaced by G), 104 (T replaced by G), and 99 (G
replaced by C) upstream of the sinI start codon. Lanes 1 and 2, UpsinI only;
lanes 3 and 4, UpsinI with (His)6ExpR; lanes 5 and 6, UpsinI with
(His)6ExpR and oxo-C14-HL.
FIGURE 5 Benzonase protection of an upstream region of sinI by oxo-
C14-HL-stimulated (His)6ExpR. A ﬂuoroscein-labeled DNA fragment
derived from the sinR-sinI intergenic region was preincubated in the
presence of 10 mM oxo-C14-HL with either 2 mM bovine serum albumin
(lane 1) or with 2 mM (His)6ExpR (lane 2) and was then partially digested
with benzonase, as described in Materials and Methods. The DNA sequence
protected by (His)6ExpR is indicated on the right side of the ﬁgure. An
indication of the position of the footprint relative to the ﬂanking genes and
the lux box homolog is indicated on the left of the diagram.
Single Molecule Protein-DNA Interactions 4397
Biophysical Journal 92(12) 4391–4400
essential for the stability of LuxR not only during folding but
also for the duration of its lifetime (42). Due to its stability in
the absence of AHLs the S. meliloti ExpR protein is an ideal
model system for analysis of the AHL activation spectrum of
a LuxR-type QS receptor.
A DNA binding site of ExpR was identiﬁed upstream of
the AHL synthase gene sinI. The interaction is stimulated by
a wide spectrum of AHLs that were previously found to be
synthesized by bacteria and AHLs not yet found in bacteria,
namely C15- and C20-HL. Whereas C7-HL containing an acyl
chain with an odd number of C-atoms did not stimulate DNA
binding, C15-HL also characterized by an odd-numbered
acyl chain was active in the stimulation of DNA-binding
activity. This suggests that the length of the acyl chain rather
than an even or odd number of C-atoms is an important
factor for the ability to stimulate the DNA-binding activity of
ExpR. This effect was observed especially well at a single
molecule level, where AFM force spectroscopy proved to be
a sensitive tool for binding analysis of complex multiple-
component systems. By this method, we also obtained
evidence that C7-HL binds to the ExpR protein but is not able
to stimulate protein-DNA interaction. Furthermore, since the
interaction of C7-HL with ExpR appeared to prevent
stimulation by C12-HL, this points to the possibility of an
inhibitory effect of AHLs synthesized by an endogenous
AHL synthase other than SinI or by other bacteria. C7-HL is
a naturally occurring AHL produced by Rhizobium legumi-
nosarum (43).
The wide range of acyl chain lengths results in signiﬁcant
variations of solubilities and, therefore, makes it difﬁcult to
determine and to compare kinetic parameters of AHL-
activated ExpR in ensemble experiments. DFS has proven to
be particularly useful in this respect since only values
determined for ExpR proteins activated by a bound AHL
molecule can be taken into account. In this manner, kinetic
parameters of the molecular interaction between DNA and
AHL-activated ExpR were determined.
Both the lifetimes of the bound complexes and the length
scales of the dissociation processes varied with different
AHLs bound to the protein. This supports the hypothesis that
FIGURE 7 DFS. Dissociation forces depend on the natural logarithm of the loading rate, r, with r ¼ molecule elasticity3 retract velocity. By systematical
variation of the retract velocity, complexes formed by the (His)6ExpR protein and its DNA target sequence under the inﬂuence of different effectors where
probed. Extrapolating the line ﬁt to the state of zero external force yields the natural thermal off-rate koff for each data set. The derived values are summarized in
Table 2.
TABLE 2 Molecular interaction parameters for ExpR-DNA
binding under various AHL effectors as derived from DFS
HL
Reaction
length xb (A˚)
Off-rate
koff (s
1)
Mean lifetime
(ms)
C8 5.7 6 0.3 0.48 6 0.16 2273 6 758
C10 5.2 6 0.3 1.43 6 0.45 699 6 220
C12 2.9 6 0.2 5.40 6 1.03 185 6 35
oxo-C14 3.5 6 0.3 3.48 6 0.62 287 6 51
C16:1 3.9 6 0.6 2.19 6 1.88 457 6 392
C18 4.7 6 0.8 1.32 6 1.27 758 6 729
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ExpR may regulate target genes differently in response to
different SinI-dependent AHLs and is in agreement with
previously reported speciﬁc ExpR-dependent effects of dif-
ferent AHLs on levels of proteins (13). It has been reported
that diverse spectra of AHLs were synthesized in different
culture media and growth phases (5,44). This may affect the
availability of various AHLs for activation of the LuxR-type
regulators under different growth conditions.
We obtained indirect evidence on the protein-effector
interaction as well, implicating a very stable bond between
ExpR and its associated AHLs. A tight interaction with their
cognate AHLs was also reported for the A. tumefaciens TraR
and the V. ﬁscheri LuxR, although competition with ha-
logenated furanones (42) and experiments showing that the
LuxR-AHL complex can be reversibly inactivated by dilu-
tion (40,41) suggested a reversible binding of the signal
molecules. Various LuxR-type regulators may exhibit dif-
ferences in AHL accessibility and stability of the protein-
AHL complex.
The DNA binding site of ExpR is located immediately
upstream of a lux box-like sequence preceding the AHL
synthase gene sinI. Since expression of sinI seems to be
strongly dependent on sinR (5,45), it is possible that the lux
box-like sequence constitutes the binding site of SinR.
Hence SinR and ExpR may interact during binding to this
DNA region.
Finally, we would like to stress the capacity of single
molecule force experiments to analyze protein-DNA interac-
tions with attention to molecular details of the binding
mechanism: Evidently, a single C-atom more or less in the
side chain of the AHL effector could make a big difference in
functionality.
We thank M. Borgmann for RT-PCR sinI results.
This work was supported by SFB 613 from the Deutsche Forschungsge-
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